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BIOARTIFICIAL DEVICES AND UEULUUAR MATRICES THEREFOR 

Related Ate 1 i cat ions 
This application is a continuation- m-part 
application of United States Patent Application Serial 
Number 08/300,429 filed on September 2, 1994 wnich is a 
5 continuation- part application of United States Serial 
No. 07/841,973 filed on February 24, 1992. 

Background of the Invention 
The present invention relates to the 
encapsulation of cellular moicies, including hormone 

1C producing tissue, and, in particular, to tne membrane 
encaosulat ion of msulm producing pancreatic islets 
for xenographic transplantation into diabetic subjects. 
Additionally, the present invention relates to an 
improved matrix for tissue and, m particular, hormone 

15 producing tissue which permits long term storage of the 
tissue, periodic assessment of tissue functionality, 
non-destructive testing of tissue containing devices 
prior to transplantation, and which promotes tissue 
growth tnerem. 

20 Diabetes Mellitus is an affliction affecting 

approximately 2 0 million persons in the United States 
of America alone. This affliction is characterized by 
either a near total lack of insulin (Type 7 diabetes) 
or a resistance to normal levels of circulating insulin 

25 (Type II diabetes) . Both conditions can currently be 
controlled to some extent by daily subcutaneous 
injections of exogenous insulin. Because the insulin 
injections are periodically spaced in predetermined 
doses, the regimen functions as an open loop system, 

30 not releasing insulin in accordance with metabolic 

demand and thereby not regulating blood glucose levels 
within ranges achieved by normal non-diabetic subjects. 
Accordingly, it is well recognized that tnis type of 
therapy has failed to achieve the necessary metabolic 
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central cf blood sugar to prever.: the vascular 
complications associated with the disease. These 
complications include blindness, kidney failure, heart 
disease, stroke, and loss cf peripheral sensory nerve 
5 function. In addition, it is medical consensus that 

the loss or normal insulin puisatility, whereby insulin 
is released approximately every ten minutes m discrete 
boluses, is required to maintain mormal insulin 
sensitivity, both in Type I and Type II diabetes. Loss 
iO cf this normal puisatility and worsening of insulin 
resistance is thought to be of primary importance m 
the development cf large vessel disease associated with 
diabetes . Diabetes currently is the third largest 
disease cause of death in the United States, cost mg 
15 approximately $2-3 billion a year for treatment. 

Insulin dispensing pumps, programmed or 
manually operated, for delivering insulin to the 
diabetic subject have been used to provide more 
numerous, smaller doses of insulin in an attempt to 
20 regulate blood glucose within narrower ranges. Such 
pumps, nonetheless still function as an open loop 
system, only attempting to anticipate, but not respond 
to metabolic demand. 3ecause the insulin from such 
pumps normally must be absorbed through subcutaneous 
25 tissue, there is no discrete bolus of insulin 

dispensed . The therapeutic efficacy of current pumps 
over conventional insulin injection is not clearly 
established or clinically accepted. There have been 
attempts to regulate pumps with blood glucose sensors 
30 to provide closed loop control , but to date an 

implantable sensor with long term biocompat ibil ity and 
functionality nas not been achieved. 

Medical researchers for many years have 
recognized the desirability of closed loop implantable 
3 5 devices incorporating live insulin producing tissue, 
islets or isolated beta cells, which through a 
selective , permeable membrane , release insulin m 
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accoraance w::h metaccli: demand. These devices, 
termed "bioar::f:c:al pancreases" have been defined m 
terms cf functional and performance constraints. 

vs r the tissue must respond and release msunn m 
5 required amounts within an appropriate time to 

increases and decreases m blood glucose concent rat ion . 
Second, the device must support and not suppress 
insulin production. Third, the device must provide 
protection against immune rejection. Fourtn, the 
10 islets must survive functionally or the device easily 
replaced. Fifth, the membrane must be appropriately 
selective and biocompatible with the patient and its 
functional properties not altered by contact with host 
t issue . 

15 Various capsule approaches have been taken 

with regard to physical devices containing islets, 
using planar or tubular membranes. Examples of 
membranes that have been proposed in the art include 
Amiccn hollow fibers, alginate poiylysme capsules, 
20 polyacrylonitrile sheets and hollow fibers, agarose gel 
capsules, Millipore membranes, modified collodion, 
cellulose acetate, polyvinyl difluoride, polypropylene, 
polyethylene, Nuciepore membranes from Nuclepore 
Corporation, Poretic membranes from Poretic Corporation 
25 and others. Generally, these have failed due to lack 
of biocompatibility leading to fouling of the membrane 
as well as being too thick when applied to islet tissue 
to adequately allow a pnysiologic glucose signal m and 
release cf insulin out. In attempts to overcome 
30 rejection, highly purified beta ceils have been 

implanted into human subjects taking large doses of 
effective immunosuppressants such as cyclosporin. As 
far as known, there have not been any long term 
successful implantations using this approach. 
35 Recently, islets have been macroencapsulated 

in a hydrcgei such as sodium alginate and miected into 
hollow fibers formed by a dry-wet spinning technique 
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using an acrylic copicymer . While demonstrating an 
ability to control glucose levels m mice, the long 
term biocompat ibility of the f ibers has net oe 
established . 
5 Brief Summary of the Invention 

The present provides an implantable device 
satisfying the above criteria while overcoming the 
aforementioned problems to provide closed loop insulin 
delivery in accordance with demand and overcoming the 
10 above problems of rejection by selectively protecting 
the pancreatic islets from tne host's immune defenses 
by a recognized biocompatible material. More 
particularly; the islets, human cr preferably animal 
which are more readily available, m either cellular 
15 form or within enclosure devices, are encased with a 

polymeric material comprising poiy-para-xyiylene having 
a membrane portion with a porosity permitting passage 
of nutrients, glucose signals, electrolytes, water, and 
the egress of insulin released by the islets, all of 
20 which have a molecular weight of less than about 6,000. 
The porosity of the membrane , however , is less that 
required for the passage of immunoglobulins and 
antibodies having molecular weights of 4 0,000-500,000. 
Poiy-para-xylylene in particular is recognized as a 
25 biocompatible surface substrate for implantation and 

does not to interact with plasma factors such as fibrin 
or cells such as platelets. Accordingly, the capsule 
pores will not become clogged, and insulin release as a 
function of the host's own glucose concentration will 
3 0 be effected. The device may take various designs based 
on fresh cr frozen islets and configured in various 
cell arrays, while providing the selective membrane 
porosity of the poly-para - xylene and biocompat ibility 
for the interior and exterior surfaces thereof . 
35 The present invention also provides a method 

for the conformal coating of the device with a 
selectively permeable membrane using a hydrogel matrix. 
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^he ^e.hod permits the coating cf laie: :cntair.:r.g 
hydrogel matrices, under high vacuum ccnc:::cr.s, 
without cellular damage or erosion cf tne hydrogel. 
Because cf tne conforrr.al nature and thickness cf the 
coating, the present invention uniquely allows very 
rapid insulin response to a glucose signal, thus 
allowing physiologic insulin pulsatility to occur. 

The present invention further provides an 
improved cellular matrix which allows long term storage 
of cellular moieties including islets, periodic testing 
of their functionality, an improved substrate for 
application cf the membrane, non - dest ruct ive testing of 
the cellular moieties and associated devices, and long 
term storage cf such devices. Post manufacture testing 
15 of device functionality may be conducted prior to 
transplant. Moreover, the matrix provides an 
environment promoting islet replication and replication 
of other cellular moieties. Heretofore, those skilled 
in the art of islet transplantation needed to proceed 
20 directly from islet isolation and purification to 

device manufacture, ail within a matter of days. Post 
device manufacture, the devices were implanted without 
the ability to non-destructiveiy test device 
functionality. The present invention provides a matrix 
25 resembling the native pancreatic system comprising a 

collagenous and/or gelatinous base to which the islets 
attach and thrive. More particularly, the matrix 
utilizes a boiled collagen which together with media 
and additives provides polymeric strands to which the 
islets, singularly and in clusters, attach. Matrix 
formulations, as described in greater detail below, 
have sustained the functionality of the islets in 
storage for greater than six months witnout 
contamination, permitted storage cf completed devices 
for months with tne ability to functionally test prior 
to implant, extended longevity in-vivo without decrease 
oerformance and with indications cf improved insulin 
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production with time. Further, the matrix 
supplementally applied over the transplanted device has 
promoted vascularization m the immediate vicinity cf 
the membrane. 

5 The tresent invention provides a cellular 

matrix utilizing a substrate for cellular attachment of 
islets, hepatocytes or the like, based on thermally 
dependent hydrogen bond formation and dipcle moment 
interactions. Preferable substrates include m part 
10 collagen oased gelatin which provides a natural milieu 
for cellular growth, and contains polar and non-polar 
amino acids that readily form a gel when ooiled or 
otherwise denatured based en amine, carbcxyl group, 
hydroxy 1 group, and sulfhydryi group hydrogen bond 
15 formation and dipole moment interactions. The 

resistance of the matrix to force can be increased by 
the addition of chelators that remove divalent cation 
interference from the hydrogen bond and dipole moment 
interactions. Exposed active groups are used to 
20 immobilize water at lower temperatures via this 

hydrogen bond formation, thus minimizing thermal trauma 
at lower temperatures . 

The present invention further provides a 
cellular matrix that yields protection from nitric 
25 oxide and its metabolites, which are known to cause 

cellular death from nuclear damage (apoptosis) and other 
related injuries. The cellular matrix utilizes amino 
acids and related compounds which serve to inhibit L- 
arginme from forming nitric oxide through nitric oxide 
30 synthase, either consituitive or inducible. Cysteine, 
in particular, and other related compounds with 
sulfhydryi groups that are found in collagenous 
material also serve to scavenge nitric oxide and thus 
limit its deleterious lor beneficial) properties. 

The present invention still further provides 
a cellular matrix that includes a metaboiicaily stable 
cryopreservant that provides an inert cushion to 
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thermally dependent cellular expansion and con:ra=:ion. 
A preferred cryopreservant is sulfated dextrar. wherein 
the sulfhydryl groups provide sires for disulfide 
linkages and increased natrix resistance :c force, as 
5 well as inhibiting nitric cxide accumulation. Such 
sulfated groups also provide sites for binding of 
growth factors such as IGF-I ana IGF-II. known by those 
skilled m the art to be required for continued islet 
growth and maintenance. 

10 T he present invention yet further provides an 

improved method for the digestion using enzymic 
solution for releasing a desirable cellular moiety 
wherein an effective amount of a nitric oxide inhibitor 
is added to the solution in a manner that increases 

15 endothelial rigidity and results m improved enzymic 
cleavage . 

Those skilled in the art of biological 
transplantation will appreciate that devices and 
matrices as briefly described will find application in 
20 the various transplantation therapies, including 

without limitation ceils secreting human nerve growth 
factors for preventing the loss of degenerating 
chloiinergic neurons, satellite ceils for myocardial 
regeneration, striatal brain tissue for Huntington's 

25 disease, liver cells, bone marrow cells, dopamine - rich 
brain tissue and ceils for Parkinson's disease, 
cholinergic-rich nervous system for Alzheimer's 
disease, adrenal chromaffin ceils for delivering 
analgesics to the central nervous system, cultured 

30 epithelium for skin grafts, and ceils releasing ciliary 
neurotropic 



factor for amyotrophic lateral sclerosis. 



Brief Description cf the Dr awings 
The above and other features and advantages 
of the present invention will become apparent upon 
35 reading the following written description of the 
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preferred embodiments, taken in conjunct icn :r.e 
accompanying drawings m which: 

FIGURE 1 is a side cross sectional view of 
bioartif icial endocrine device : n accordance with an 
5 embodiment of the present invention; 

FIGURE 2 is a side cross sectional view cf 
another embodiment cf the present invention; 

FIGURE 3 is a cross sectional view taken 
along line 3-3 m Figure 2; 
10 FIGURE 4 is a side cross sectional view of 

another embodiment cf the present invention; 

FIGURE 5 is a cross sectional view cf a 
further embodiment of the invention ; 

FIGURE 6 is a scanning electromicrograpn 
15 showing attachment of clusters of islets to ccllagenous 
fibers of a further matrix; 

FIGURE 7 is an enlarged view cf a portion of 
Figure 6 illustrating attached and unattached clusters 
of islets in the matrix; 
20 FIGURE 8 is an enlarged view of a portion of 

Figure 7 showing an unattached cluster of islets ,- 

FIGURE 9 is similar to Figure 8 showing an 
attached cluster of islets; 

FIGURE 10A is a view similar to Figure 6 of a 
25 single islet include a binding site for attachment to 
the fibers, and 10B is a view of a single islet 
undergoing cellular division; 

FIGURE 11 is an enlarged view cf a portion of 
Figure 6 showing cluster cf islets attached to 
30 denatured collagen strands and an inset enlargement 
showing an intact strand of collagen; 

FIGURES 12 and 13 are light microscopy 
photographs of islets following removal from tne 
matrix ,- 

35 FIGURE 14 is an insulin versus time graph in 

response to a 100 mg/dl glucose challenge m-vivo for a 
device in accordance with the present invention ; 
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FIGURE 15 is an insulin versus time graph m 
response :o a 50 mg/dl glucose challenge m-vivo for 
the same device as in Figure 14 ; 

FIGURE 16 is a rep and side eievat::nai view 
E of another embodiment cf a device m accordance with 
the present invention; 

FIGURE 17 is a blood glucose versus days tor 
a diabetic doc implanted with the devices shown m 
Figure 16 ; 

10 FIGURE 15 is islet RNA content, insulin 

secretion, and viable islet number as a function of 
time in matrix culture; 

FIGURE 19 is a porcine C-peptide versus days 
post transplant for the dog of Figure 17; 
15 FIGURE 20 are intravenous glucose tolerance 

test ( IVGTT ) data for the dog of Figure 17; 

FIGURES 21A and 21B are IVGTT data on a dog 
at 6, 4 0 and 57 days post transplant; 

Figures 22A and 22B are IVGTT data on another 
20 dog at 45 and 59 days post implant; 

FIGURE 23 is a porcine C-peptide versus days 
post transplant for the dog of Figure 21; 

FIGURE 24 are IVGTT data for the dog of 

Figure 21; 

^ 5 FIGURES 25 - 30 are maximal serum C-peptide 

values from a series of test dogs; 

FIGURE 3 1 is an intravenous glucose tolerance 
test with 21 day old islets re- implanted in Dog AXA 
after 14 days of implantation, and 50 days after 
30 pancreatectomy, and 

FIGURE 3 2 is an intravenous glucose tolerance 
test from Dog C324 80 days after implantation. 

Description cf the Preferred Embodiments 

The present invention has particular utility 
35 m the providing cf biological substances normally 
produced by cellular moieties that are normally 
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associated with the endocrine glands, sue:, as tne 
pancreas, thyroid, parathyroid, thymus, pituitary, 
adrenal cortex, and adrenal medulla. Cellular moieties 
of the pancreas and pituitary are preferred. As used 
5 herein, cellular moieties include both naturally 

occuring and genetically altered cells that secrete 
both naturally occuring substances and analogs thereof, 
synthetic or otherwise. Cells useful in the method of 
the present invention include, but are not limited to, 
10 somatotrophs, lactotrophs, thyrotrophs, gonadotrophs, 
and cortico- lipotropns . 

The etiological substances provided by the 
method of the present invention are typically referred 
to as hormones. As used herein, a "hormone" is defined 
15 as a biological substance secreted by a specific 
tissue, and includes those substances having an 
activity at the site of secretion, sometimes called 
autocoids, and precursors thereof- Exemplary hormones 
include peptides, proteins, glycoproteins, fats, 
20 lipids, polysccharides , and carbohydrates. Peptides 
are preferred, with the term "peptide" as used herein 
referring to a peptide as a discrete molecule or 
residing in a protein. 

Hormones secreted by the pituitary gland, or 
25 adenohypophysis , include the growth hormones <!GH) , 

prolactin, gonadotropins , thyrotropin, corticotropin, 
melanocyte-stimulating hormones, somatomedins, and 

lipotropins . 

Gonadotropins are glycoproteins generally 

30 secreted by the pituitary gland, and include follicle 
stimulating hormone (FSH) , luteinizing hormone (LH or 
ICSH) , chlorionic gonadotropin (CG5 , thyrotropin i'TSH) 
individual peptide chains thereof, and carbohydrates 
associated therewith. These hormones, along with 

35 hormones of estrogen, progestin, and androgen families 
may be useful in the treatment of infertility. 
Gonadotropin releasing hormones, such as follicle 
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stimulating hormone releasing ncrmone >?SHRH) cr 
lutenizmg hcrmcne releasing ncrmone :LHRH; , are also 
provided by the present invention. 

yeianccvt e - s t mulat mg hormones include 
5 corticotropin ■. ACTK ) , alpha -melanocyte - stimulating 
hormone ;aipna-MSK; , bet a -melanocyte - stimulat mg 
hormone (beta-MSB) , bet a - lipot ropm Ibeta-I.PK) , gamma - 
lipotropm ;gamma-LPH; , and their common precursor, 
oro-opiomelanocortm . 
10 somatomedins are a family of peptide hormones 

that range from about 7.C0C to 5,000 daltcns in 
molecular weight, and are similar to growth factors, 
such as nerve growth factor i NGF ■ , epidermal growth 
factor i EGF ) and fibroblast growth factor :?GF) . One 
exemplary somatomedin is the insulin- like growth factor 
(IGF). Growth factors themselves, such as tissue 
growth factors, are further encompassed by the scope of 
this invention to promote skin/bone growth and promote 
wound healing. Growth factors are provided by the 
present invention m both small and large forms. 

Exemplary hormones secreted by the 
parathyroid are the parathyroid hormone and its 
precursor, pro-parathyrcid hormone. The hormone 
calcitonin and prolactin are secreted by the thyroid, 
25 parathyroid and thymus. Prolactin a, like the growth 

factors, occur naturally in both small and large forms, 
both of which are provided by the cellualr moities of 
the present invention. Hormones normally secreted by 
the adrenal cortex may be further provided by the 
30 practice of this invention, including adrenocortical 
steroids, such as adrenocorticotropic hormone, and 
their synthetic analogs. 

The present invention may also ae used to 
provide cellular moities that are normally found within 
35 the brain and which secrete neurological ly active 

substances. Therefore, neuropeptides may be provided 
in the practice cf the invention, including the 
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neuroDept ides families c: :he endorphins, the glucagon- 
secretins, and the substance P neuropeptides. 
Endorphins include the prccpimelanocor t ms , tne 
proenkephal ins , the prodynorpnms and hormones derived 
5 therefrom. The glucagon- secretins include glucagon, 
vasoactive intestinal polypeptide, both found m 
cancreatic islets, secretin and growth hormone 
releasing factor (GHRF) . The substance-? neuropeptides 
include vasotocin, vasopressin and oxytocin. It is 

10 specifically intended that substances secreted by 

single large clusters of neurons, such as oxytocin, 
vasopressin, LHRH , GHRH , and proopiomelanocortin, are 
embraced by the scope cf the invention, as well as 
substances secreted by ceils normally distributee 

15 throughout the brain, such as somatostatin, 
choiecystokinin and enkephalin. 

The present invention may also be used to 
provide mast cells as a particular cellular moiety. It 
is a further aspect cf the invention, therefore, that 

20 substances secreted by these cells, including those in 
the histamine family and synthetic analogs thereof, 
such as pent agast r m , are provided m tne method of the 
invent ion . 

Other biological substances that may be 
25 provided by the cellular moities of the present 
invention include, but are not limited to, the 
following: polypeptide autoccids !i.g. aldosterone), 
the plasma kmins (e.g. bradykinm and kailidm, the 
autogiotensms eosinophil chemctactic factor \ECFA) , 
30 neutrophil chemotactic factor (NCFA) , pept ide-based 
immunosuppressand useful m the treatment of organ 
rejection m transplants, human granulocyte colony 
stimulating factor useful m facilitating bone marrow 
transplantation, T-cell receptor peptide useful m 
35 treating autoimmune and connective tissue disorders, 
disaccharide peptide, immunost imulant s , platelet 
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derived growth factor FDGF), ^yi;n ( glucagon, 
prammtiae, ana thrompoet in . 

While the ore sent invention is concerned 
primarily with the treatme- of human subjects, it nay 
be employed for the treatment cf other mammalian 
subjects, such as cows, pros, goats, cats, and dogs, 
for' veterinary purposes. For example, one embodiment 
of the invention is an implant for secreting hormones 
and the like :r. animals for veterinary and/cr 
agricultural purposes such as somatotropin for 
increasing milk production cf cows, goats, or any other 
milk-producing animal. Growth hormones may also be 

actmmisterec _o an an^mai saoi - 

increasing milk production. 

The preferred embodiments described m detail 
below have primary reference to bioartif icial endocrine 
devices for implantation to overcome endocrine 
deficiencies in a recipient patient, particularly a 
bioartif icial pancreas wherein insulin producing 
cellular moities release insulin m response to changes 
in serum glucose. However, those skilled in the art 
will appreciate that research has been conducted on a 
broad basis for implanting living cells into a 
recipient to treat various cell and molecular deficient 
25 diseases. These implantea cells are targeted for 
generating biological products that the recipient 
cannot produce for itself as a result of disease, 
injury or other disabling reasons. 

Referring to the drawings for purposes of 
describing the preferred embodiments only, Figure 1 
shows a bioartif icial endocrine device 10 for the 
effective release of hormones. The device comprises a 
circular cylinder 12 having a pair of selective 
permeable membranes 14 attacned by a biocompatible 
adhesive to the top and bottom end faces thereof. A 
suitable adhesive fcr attachment of the membrane to the 
sleeves and the sleeves to each other are silicone 
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adhesive, Silastic Type A manufacture by Dow-Ccrung , 
cyanoacrylates, ?nsm 4 54 manufactured by LocK::te 
:orporat:or. ( epoxies cr ether adhesives , preferably 
biocompatible, providing sufficient adhesion to 
5 seaiingly maintain tine integrity of the cavity. The 
interior volume or chamber 15 is defined by the inner 
wall of the cylinder 12 and the mencranes 14 . Tie 
chamber 15 contains hornone producing tissue, 
preferably porcine pancreatic islets, cr other hormone 
IC producing cellular moieties 16 in a liquid cr gel 

matrix. The term matrix is used herein m accordance 
with its accepted meaning m the art as materials in 
which tissues are carried. In addition to those 
described herein, tne matrix may be alginate cased 
15 (Schrezenmeir, J - et al, Transplantation 57:1308 -14, 

1994), agar or agarose based ' Iwata , K. et al , Diabetes 
38 :224-225, 1989) . 

Prior to filling, the assembled device is 
heat or gamma radiation sterilized. The side wall of 
20 the cylinder is provided with a lower radial port 18 

for introducing the cellular matrix into the chamber 15 
and an upper radial port 20 for venting the chamber 15 
during filling. The ports 1 S , 20 are sealed by sterile 
biocompatible members 22 . 
25 The cylinder 12 may be formed of any suitable 

material, such as metal or plastic. The membranes 14 
are polymeric films of poiy-para-xylene (poly-para- 
xylylene N) , or analogs thereof such as poly- 
monochloro-xyiylene (poiy-para-xylene C) , and poiy- 
30 dichloro-xylylene ipoiy-para-xyiyiene D) , commonly 
referred to as paralene, and mixtures thereof. The 
membranes 14 have a porosity which permits passage 
therethrough of effective nutrients for tne cellular 
moiety and the hormone produced thereby. For a 
35 bioartif icial pancreatic device, as described below, 
membranes comprising poly-para - xylylene N at a 
thickness of about 2,000 to E,0C0 Angstroms, and 
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preferably about Z,5CC to 2,5CC .^gstroras, provide the 
desired porosity characteristics. The lower limit may 
be oeiow the foregoing as long as the thickness does 
not result m insufficient membrane strength. 
- membranes are formed by conventional 

vacuum deposition and have a porosity which can be 
accurately controlled such that a selective membrane 
may be established. As mentioned above, the paralene 
coating may be applied using conventional equipment 
1C available from Specialty Coatings System of 

Indianapolis, Indiana or Para Tech Coating, Inc. of 
Aliso Viejo, California, who also supply the paralene 
dimer. The equipment is available in various 
configurations which can apply a coating to exacting 
15 specifications. One particular machine configuration 
is set forth in the United States Patent No. 4,683,143 
issued to Riley. Basically, all such systems use a 
vaporizer connected to a pyrclizer that is in turn 
connected to a vacuum chamber evacuated by a cold trap 
20 protected vacuum pump. Under vacuum and heat, the 

paralene dimer is vaporized in the vaporizer and passes 
to the pyrolizer wherein the dimer is thermally cleaved 
to a monomer which is ccnformally deposited on the 
devices in the chamber, at ambient temperature, as a 
25 long chain polymer. As is well known, the thickness of 
the coating on coated parts may be determined by 
locating a planar witness plate in the coater during 
the coating process. Inasmuch as the entire chamber, 
fixture and parts receive a substantially uniform 
3 0 coating, the witness plate may be removed and tested by 
conventional thickness measuring apparatus to thereby 
determine the thickness on the coated part. This is a 
convenient procedure for preformed films, as described 
in some of the embodiments below. However, when the 
35 coating is applied over a hydrogel matrix as described 
in other embodiments below, it is noticed that cooling 
of the matrix occurs due to outgassing of liquids, 
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resui::na is in variations ir. cne thickness between the 
witness plate and the applied membrane as visually 
observable on the Dasis of color variations 
therebetween, the paraiene having a distinctive 
5 coloration spectrum versus thickness. At the present 
time, Applicant is not aware of available thickness 
measuring equipment for providing direct measurement of 
membrane thickness under these conditions. 
Nonetheless, the specific attributes of the membrane 
IC devices in accordance with the present invention may be 
determined by functional m vitro testing as 
supplemented by the basic parameter requirements as 

noted below. 

In the present invention, the maximum pore 
15 size is selected to prevent passage of immunoglobulins 
and antibodies having molecular weights of 40,000 to 
about 500,000. The minimum pore size is selected to 
permit the passage of nutrient molecules, such as 
glucose, electrolytes and water, and the hormone, 
20 insulin having a molecular weight of around 5,600. For 
other cellular moieties, the aforementioned maximum 
porosity is likewise applicable, however the minimum 
porosity, as those skilled m the art will understand, 
would be dependent on the biological product released. 
25 For example, a device for treatment of Parkinson's 

disease containing substantia nigra cells isolated from 
brain tissue would require a molecular weight cut off 
of at least 1000 to allow passage of dopamine and 
related compounds, whereas treatment of hypothyroidism 
30 by isolated thyroid tissue would require a molecular 

weight cut off of only 500 to allow transfer of thyroid 
hormone . 

The invention may utilize any polymer that 
utilizes primarily aromatic rings instead of aliphatic 
35 chains inasmuch as the aromatic rings provide fewer 
chemical binding sites in vivo than do the straight 
chain carbon polymers with active chemical sites. 
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Because aromatic polymers such as the paraienes do not 
have readily available binding sites, the sub 3 ect's 
immune system does not recognize it as foreign and is 
unable tc bind to its surface, thus leaving the 
5 molecular pores unclogged. Example of sucr. other 
polymers are polypheny 1 oxide, poly phenyl sulfide, 
poly phenyl amine and otner polymers having repeating 
aromatic moieties. 

Example 1 

10 a membrane of poiy-para-xylyiene N having a 

thickness of 3,271 Angstroms was mounted cn a 
cylindrical sleeve and partially immersed in distilled 
water. A liquid containing components of varying 
molecular weights was placed on the upper surface of 
15 the membrane . Thereafter samples of the water were 
applied to an SDS-PAGE gel and subjected tc 
electrophoresis to separate the samples according to 
molecular weights. Low molecular weights corresponding 
to glucose, insulin and cell nutrients were identified. 
20 Higher molecular weight components, i.e. greater than 
26,000 were excluded. 

More particularly, for an implantable 
bioartificiai pancreatic device, the cellular moiety 
contains a plurality of insulin producing islets. The 
25 islets are derived from donor pancreatic organs, both 
human and animal, m conventional manner utilizing 
collagenous digestion and Ficoll or Dextran, gradient 
separation. The islets are admixed with conventional 
RPMI culture media to form the matrix at a 
30 concentration of around 10 to 50 islets per microliter. 

The cylinder may vary m size and shape for 
purpose of handling, coating and implantation 
considerations as well as the therapeutic insulin 
production required by the recipient. 
35 F or purposes cf implant biocompat ibility , the 

cylinder may ce formed cf a suitable material such a 
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medical grade stainless steel cr preferaoly by 
conferral coating the poly-para -xylene , the thickness 
of which is not particularly critical, however a 
coating thickness of aoout 0.5 microns is preferred. 
5 This coating may be precisely applied m controlled 

thicknesses according to conventional techniques The 
coating and membrane materials are recognized as non- 
lounoaenic suds t rat es for human implantation. The 
material does not interact with plasma factors such as 
10 fibrin or cells such as fibroblasts, macrophages cr 

platelets. Accordingly, the device and membrane pores 
will net become clogged cr impair insulin release as a 
function of the host tissue growth. 



Example 2 

15 A membrane of poiy-para-xylyiene N at a 

thickness of around 2,100 Angstroms was mounted on a 
cylindrical sleeve and partially immersed in a media, 
distilled water. Seventy-five (75) adult porcine 
islets were placed in RPMI culture media on the top 

20 surface of the membrane. The media was periodically 

sampled and changed after each sampling. Two aliquots 
were extracted from the media on the fourth and sixth 
days. The aliquots were tested in duplicate in a.n " 5 I 
Insulin RIA (Ventrex) . Insulin levels on the sample 

25 from the fourth day was 70 + 14 9 uU/ml and on the: 
sample from the sixth day was 235 + 150uU/ml , 
demonstrating that insulin secreted from the islets 
traversed the membrane. No fibrin or other cell 
attachment occurred . 



3 0 Example 3 

An implant device was prepared using two ?VC 
sleeves, X" CD., 3/8" I.D., 3/16" thickness. The 
sleeves were coated with poly-para-xyiylene N to a 
thickness of about 0.5 microns. Circular poiy-para- 

35 xylylene membranes having a thickness of 2,959 
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Angstroms were adhered the tcp surfaces cf :ne 
sleeves w::h silicone adhesive. The sleeves were -hen 
radiation sterilized. 

One membrane sleeve was filled with 20 
E deciliter of cellular matrix. The matrix included 
porcine Deta cell islets numbering about 5,000. The 
islets were prepared m accordance with the collagenase 
digestion method. Thereafter the sleeves were joined 
with a silicone adhesive. The device was implanted 
iC into the peritoneal cavity in a non-obese diabetic 
mouse . 

For three weeks prior to implant, tne fasting 
blood glucose (FBG) of the mouse was 76 0 mg/dl as 
determined by glucose oxidase analysis. On the day 
15 following implantation, the fasting blood glucose level 
was 380 mg/ml. When the device was removed following 
implant, no fibroid or lymphoblastic attachment to the 
device or the membrane was observed . 



20 



25 



Example 4 

An implant device was constructed in 
accordance with the embodiment of Figure 1. The collar 
had an outside diameter of M inch and an inner diameter 
of 1/4 inch. A membrane of around 3,000 A poiy-para- 
xylylene N was adhered to the faces of tne collar with 
a silicone adhesive. Through radial fill holes the 
interior volume of the device was filled with 
approximately 5,000 adult porcine islets. The fill 
hole was sealed with a silicone plug. Four such 
devices were implanted into the peritoneal cavity of a 
pancreatized female mongrel dog weighing about 12 kg. 
The first day following implant, the plasma insulin 
levels were measured at 21.2 and 22.2 uU/mi. On the 
second day following implant, the plasma insulin levels 
were measure at 21.5 and 20.5 uU/ml . 
35 Referring to Figures 2 and 3, a device 30 is 

provided with a plurality of cylindrical chambers 32 



30 



as 
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defined by an array cf tnrcugn nc.es :r. a generally 
rectangular poly-para - xylene coated plate 36 . The top 
and bottom cf the noies 54 are sealed by poly-para- 
xvlviene membranes 3 6 as described above. Cellular 
5 tissue m a liquid matrix is delivered to the chambers 
22 through radial fill ports 4C which are thereafter 
sealed by plugs. The array cf chambers 3 2 provides 
redundancy for the device in the event of membrane 
breakage or fouling, decrease m cellular output and 
10 the like. 

Ref errina to Figure 4 , a device comprises a 
plate 70 having a plurality of cellular droplets 72 
arraved thereon and covered with a membrane 74 of poly - 
para -xylyiene as described above. The device 10 formed 
15 by depositing the tissue media m liquid form or 

macroencapsuiated in a protective covering, such as 
sodium alginate, on an pcly-para-xyiylene coated plate. 
After deposition, the droplets and plate are coated to 
the desired thickness with poly - para-xylyiene . 
20 Alternatively, the droplets and plate are frozen, 

coated, and, when ready for implant, the device is 
thawed to reconstitute the cells, The ceils may oe 
frozen and thawed according to the protocol set forth 
m R.V. Rajotte ( Cryopreservat ion on Isolated Islets, 
25 2nd International Conference on Use of Human Tissues 
and Organs Search In Transplant, October 1985, pages 
46-51) . 

The devices may be formed as individual 
droplets which are encapsulated with the aforementioned 

30 membrane. The individual droplets, frozen or as 

macrocapsules , may be conventionally coated in a free 
fall coating process or suspended from an embedded 
thread and coated- The ceils are thereafter 
reconstituted, admixed in an appropriate media and may 

35 then be implanted by injection into the selected site. 

The device 60 may also take the form shown in 
Figure 5 . More particularly, a rectangular plate 82 is 
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provided with a plurality of through ncies 1C2. The 
toe surface of the plate and the cop openings of the 
holes being coated with poly-para -xylylene coating 1C4 , 
and establishing the aforementioned memcrane . The 
5 ioottom surface of the plate, and bottom openings of the 
holes are covered by a poly - para - xylylene coated 
backing cover 106 wnich is adhered thereto by a 
suitable biocompatible adhesive. The interior chambers 
defined by the side walls of the hole, the membrane and 
10 the cover are filled with insulin producing cells 
within a liquid or gel matrix. 

The device of Figure 5 is preferably 
manufactured by initially coating a plate 82 with poly- 
para -xylylene so as to provide a continuous conformal 
15 coating on ail surfaces including the wails defining 
the openings. The bottom is sealed and the holes 
filled with distilled water to a level slightly below 
the top surface. The filled plate is then frozen, and 
thereafter coated with poly-para - xylylene to the 
20 desired membrane thickness. After coating, the device 
is warmed to thaw, the backing plate removed and the 
water removed though evaporation. The device is 
inverted and desired cellular concentration deposited 
in the holes and the membrane. The backing plate is 
25 then adhered as mentioned to the bottom surface. 

Alternatively, cellular containing media may 
be frozen within the holes and the plate conf ormabiy 
coated to membrane thickness, and the cells unthawed as 
described above. In such a device, top and bottom 
3 0 membranes would be provided at each compartment. 

Cf great importance m the development of a 
bioartif iciai pancreases and other biological devices 
is the ability to: ;i) store and inventory the islets 
for future use; 12) periodically test the islets in 
35 inventory to verify and quantify their functionality m 
order to insure performance specifications in vivo; (3) 
incorporate the islets into the desired matrix and into 
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the mpiant device; 4; inventory, test and determine 
functionality of the devices before implant; and 
importantly ■: 5 ) allow adequate time to determine the 
presence of any latent viral or other patnogenic 
5 cioiogic contaminants to ensure safety for human use. 
Heretofore, limited success has been reported m 
maintaining the functionality, m vitro, of pancreatic 
islets . 

These goals are acnieved for storage, 
10 manufacture, functionality testing inventory, ana 
pathogenic testing by utilizing a matrix based on a 
nydrogel which has been processed to cleave hydrogen 
bonds to present a free- flowing , syringable or liquid 
state around patient body temperature. r.ore 
15 particularly, the hydrogei is characterized by a 

backbone comprised of long chain sequences of amino 
acids having R-groups whose intramolecular hydrogen 
bonds can be broken, with resultant uncoiling of the 
tropocoliagen structure. These intramolecular bonds 
20 are replaced with hydrogen bonds between hydrogen on 
the R-groups and water. The hydrogei is supplemented, 
in the case of a non-collagenase hydrogei, with 
effective amounts cf native collagen and/cr boiled or 
denatured collagen, i.e. gelatin. Either is effective 
25 in providing binding site to which the cellular 

moieties can attach for a stable environment. The 
collagen based compound acts as a substrate for 
cellular attachment of islets, hepatocytes or the like, 
based on thermally dependent hydrogen bond formation 
30 and dipole moment interactions, and provides a natural 
milieu for cellular growth, . The collagen based 
compound, when boiled, contains polar and non-polar 
ammo acids that readily form a gel based on amine, 
carboxyl group, hydroxy! group, and sulfhydryi group 
35 interactions. The resistance of the matrix to force 
can be increased by the addition cf chelators that 
remove divalent cation interference from the hydrogen 
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bond and dipole moment :r.tera:::cns. Exposed active 
aroups are used to immobilize water at lower 
temperatures via this hydrogen cone formation, thus 
minimizing thermal trauma at lower temperatures. 
5 For storage, an effective amount cf a large 

molecular weight cyroprotect ant is added that allows 
the matrix to oe stored at lowered temperatures without 
cellular damage thereby presenting a condition of 
suppressed metabolism without the need for 
1C cryopreservaticn. The present invention still further 
provides a cellular matrix that includes a 
metaboiically stable cryopreservant that provides an 
inert cushion to thermally dependent cellular expansion 
and contraction. A preferred cryopreservant is 
15 sulfated dextran wherein the suifhydryl groups provide 
sites for disulfide linkages and increased matrix 
resistance to force, as well as inhibiting nitric oxide 
accumulation. Such sulfated groups also provide sites 
for growth factors such as IGF- I and IGF- II, known by 
20 those skilled in the art to be required for continued 
islet growth and maintenance . 

The storage matrix can benefit by the 
addition cf a divalent chelator, such as citrate, EDTA 
or EGTA, which can increase the rigidity of the matrix 
25 by removing inhibition of -NK : to -COOH hydrogen 

bonding, inhibiting deleterious hydroxyl formation from 
superoxide by chelating transition and heavy metals 
required for this to occur, as well as protecting 
against microbial contamination thereof. The liquid 
3 0 for constituting the matrix may take the form of a 

recoamzed growth media for providing nutrition for the 
cells. To provide additional protection against 
microbial contamination, conventional antibiotics can 
be added. 

-j 5 If the cellular moieties are to be 

incorporated directly into a device shortly after 
harvesting, with transplantation taking place without a 
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requirement for storage at lowered temperatures, the 
c ryctres e r van t may be reduced or omitted. However, for 
improved transfer across the memcrane , i t is aesi rable 
for the matrix to be substant lally m liquid pnase at 
5 host or patient body temperature. This can be achieved 
bv the divalent chelator amount . It would also be 
preferable to supplement with growth media, and 
antibiotics . 

Where the matrix and cellular mcit les a re 
10 subject to trauma, force or temperature variations 

during manufacture or storage of tne device, it may be 
desirable to increase the rigidity cf the matrix 
without affecting the liquif icat ion temperature . As 
described below, this may be achieved by enhancing oond 
15 formation through the use of ammo acids with - R groups 
of differing hydrogen bond formation potential . Such 
amino acids and related compounds provide cellular 
protection from nitric oxide and its metabolites , which 
are known to cause cellular death from nuclear 
20 destruction and other related injuries. The cellular 

matrix utilizes these amino acids and related compounds 
to inhibit L-arginine from forming nitric oxide through 
any of the isoforms of nitric oxide synthase . 
Cysteine, in particular, and otner related compounds 
25 with suifhydryl groups that are fcund m collagenous 
material also serve to scavenge already formed nitric 
oxide and thereby prevent nitric oxide induce damage . 

The present invention utilizes the new 
hydrogel matrix, for purposes cf a bioart i f icial 
30 pancreas, wherein isolated porcine islets can be stored 
for extended periods, six months and longer, at 
subambient temperatures, such as refrigerator 
temperatures, 4 °C . As discussed above, the improved 
hydrogel matrix is based on heated or otherwise 
35 denatured animal collagen that is protective against 
lowered temperature conditions by an inert polymeric 
buffer substrate such as dextran, amylopectm, 
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oroteoglycans and like large molecular weigh: 
cryoprocectant . As will be appreciated by those 
skiilea m the art, the improved hydrogel matrix is 
based cn the creaking cf covalent chemical Donds by 
5 boiling or chemical treatment, and increasing tne 
number of heat sensitive hydrogen bends and dipole 
moment attractions. Ey replacing tne covalent chemical 
bonds with such temperature sensitive bonds and 
attractions, the desired Tissue can be embedded in a 
1C solid matrix formulation at colder temperatures for 

sustained storage. By keeping tne desired tissue in a 
more solid matrix, damage resulting form constant 
exposure :c water is reduced, and metabolism ana gas 
exchange are suppressed. In effect, the invention 
15 preserves the tissue without going to tne extreme cf 

sub-zero cryopreservation techniques. This matrix can 
then be made liquid at desired higher temperatures to 
increase metabolism and growth, as well as to 
facilitate diffusion of nutrients and hormonal 
20 croducts. Because the original hydrogel substrate had 
its intermolecular covalent linkages broken (such as 
sulfhydral linkages), the matrix can then be modified 
according to desired specifications by addition of 
moieties that increase dipole moment attractions or 

2 5 hydrogen bending. 

Many examples of hydrogel substrates, in 
addition to gelatin, are available that are suitable 
for this process; including boiled agarose, alginate, 
keratin and other ammo acids, amino glycans and proteo 

3 0 glycans and other gels having a constituent backbone 

comprised of long chain sequences cf amino acids having 
R-groups whose intramolecular hydrogen bonds can be 
broken and replaced with hydrogen bonds between 
hydrogen on the R-groups and water, thus yielding a 
35 well recognized gelamnous consistency. In this 

connection, by way of example, 2 0 grams of agar were 
placed in 5 ml cf Media 199 and the resulting solution 
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reduced to a pH of 2 with HC1 1 N. The solution was 
held at 37°C and stirred for 10 minutes until 
dissolved. To the solution, 100 mg of dextran was 
added and a miilimoiar concentration of EDTA . The 
5 resultant formulation was liquid at a body temperature 
of 37°C and solid or substant lal ly more viscous a.t a 
storage temperature of 4°C. Such techniques can also 
be employed for the other described hydrogels, 
adjusting the additives as required to achieve the 
10 desired objectives . 

Depending on the desired physical properties, 
these substrates can have their resistance to force 
' firmness ) increased or decreased by addition of other 
chemicals. As described in the example below, such 
15 firmness is increased by addition of amino acid 
moieties with polar R groups or accessible 
hydrogen/hydroxyl groups to increase dipoie moment 
attractions and hydrogen bonds as the enhanced 
substrate cools. The addition of essentially intact 
20 collagen or denatured collagen, gelatin, to any cf the 
above hydrogei substrates provides a lattice structure 
for tissue or isolated ceils to anchor. Thus, any 
tissue can be embedded in this type of hydrogei matrix, 
and its properties adjusted, depending on the desired 
25 performance of the isolated tissue as described in the 
example below. 

For the purpose of protecting and preserving 
isolated pancreatic islets, one example uses heated 
animal collagen, i.e., gelatin, and protects the living 
tissue aqainst lowered temperature conditions with an 
effective amount cf an inert polymeric buffer substrate 
such as dextran, amyiopectin, proteoglycans, or other 
large molecular weight cryopreservant s able to limit 
trauma induced by thermal changes in water. These 
substrates act as a buffer against thermal expansion 
and contraction. Without such a buffer, the islets 
have diminished capacity to survive the physical trauma 
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induced by the expansion and contraction caused by the 
temperature changes, as well as trauma induced to cell 
membranes as a result cf heat - sensitive movement of 
water . 

- r n addition, zhe improved hydrogei matrix 

protects such tissue against narsh barometric trauma 
such as vacuum pressures encountered during polymeric 
coating procedures. This is achieved by increasing the 
aeiatin's resistance to force through modulation of 
10 temperature and substrate dependent hydrogen and 
disulfide bonds. The matrix for storage and 
manufacture may be strengthened by enhancing hydrogen 
bond formation by addition of amino acids containing 
carboxyl or amine R-groups (as found in glutamic acid 
15 or argininei , disulfide linkages by addition of 

cysteine or methionine residues, or increased dipole 
moment attractions by addition cf amino acids with non- 
charged but polar R groups such as glutamme, 
threonine, or asparagine. The hydrogen bonds and 
20 dipole moment attractions can be further increased with 
a divalent chelator such as EDTA which also provides 
protection against matrix bacterial contamination 

during storage . 

Collagen is found in all animal tissues as 

25 repeating tropocoliagen polypeptide subunits comprised 
of amino acids not usually found in other proteins 
including glycine, hydroxyproi ine , and hydroxyzine. 
Collagen forms insoluble fibers with high tensile 
strength when covalent cross links are formed with 

30 mature tissue. However when collagen is boiled as in 
the process for making conventional gelatin, these 
cross links are broken, and its three dimensional 
structure is unfolded, yielding a multitude of 
polypeptides with loose association. 

35 collagen is the major connective protein 

found in a variety cf tissues including, in order of 
increasing rigidity, ligaments, tendons, cartilage. 
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bone and teeth, indicating tne ability of collagen :: 
attain a wide array of physical properties based on the 
intra- and inter- molecular bonding f crces . Intact 
t roooccl 1 aaen is the longest known protein, being 3,000 
5 Angstroms m lengtn, but only 15 Angstroms m diameter. 
Boiling collagen breaKS the insoluble tightly ceiled 
helical tropocollager. subunits enabling the insoluble 
tropo collagen molecule to open up from its original 
tightly coiled cable conformation, mtc tnree separate 
10 peptide chains. The individual peptide chains are 

then used to perform two vital functions for the 
embedded islets. First, they provide binding sites for 
the isolated islet tissue to attach, and second, they 
crovide a temperature sensitive substrate to oe used 
15 for protection of the islets during the coating process 
described above . 

The loss of the tightly coiled triple 
stranded helical structure indicates that the strand is 
stabilized by a summation of weak, individual 
20 interactions that collectively reinforce each other via 
cooperative interactions. Boiling causes the 
individual strands to uncoil, thus making their <side 
chain R-grcups available for other interactions. The 
boiled collagen exposes multiple binding areas for the 
25 islets to attach. Figure 6 is an electron micrograph 

(3,000 magnification) of isolated islets binding to one 
of the open single peptide strands that once comprised 
a tiahtly coiled tropocoilagen nelix. An incompletely 
uncoiled helix is still present in the boxed area of 
30 Figure 7, also indicating the native material may be 

used as a supplement for increasing the binding sites. 

Breaking tne transverse hydrogen bonds that 
bind the individual collagen strands to each other 
overcomes the steric stability contributed by the 
3 5 repulsion of the pyrrol idone rings of the 

hydroxyproiine and proline residues. As a result, when 
enough of the interstrand hydrogen bonds are broken, 
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the stent repulsion destabilizes the superr.el i cal 
coil, thus opening up the individual strands. 5y adding 
supplemental ammo acids that contain mgniy cnarged 
polar groups, such as glutamic acid and argmme, 
r increased hydrogen Dcnd formation to surrounding 
gelatin strands result, thus attracting and 
immobilizing water and polar groups on other gelatin 
strands at temperatures below 3D°C. This 
immobilisation of water reduces cell membrane damage 
1C from temperature changes. The addition of cysteine 
allows strong disulfide cross- links to be formed. 
Other ammo acids that increase these kinds cf bond 
formation include those with polar side groups, both 
charged and uncharged, and tnose with ability to form 
15 sulfide linkages. 

By increasing the number of hydrogen bonds, 
and increasing disulfide bona formation, tne matrix is 
more resistant to force at temperature below 30°C. 
Intact porcine skin collagen has a thermal stability 
2C constant of 65°C, the temperature at which 50% of the 
tropocollagen strands disassociate. By breaking the 
helical structure, the melting temperature of the 
gelatin based matrix is lowered to about 3C°C. This is 
critical for allowing the matrix to be suitably liquid 
25 at body temperature (37°c: to allow fast, physiologic 
transfer of glucose and other nutrients across the 
para-xylene membrane . 

Removal of divalent cations that interfere 
with hydrogen bond formation improves resistance to 
30 force, i.e. rigidity of the matrix. This can be 

accomplished by addition cf a wide number of chelators 
such as EDTA , EGTA, citrate and like divalent cation 
chelators. The resultant increase in matrix rigidity 
provides protection against conditions experienced by 
35 the matrix tissue during the polymer coating proce: 
vacuum pressure and low temperature, which could m 
some instances adversely affect tne islets. 
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In order :c increase islet: binding, porcine 
intact collagen may be added in small amounts to 
provide additional binding network for the porcine 
islets. As discussed above, the matrix for storage and 
5 manufacture may be strengthened by enhancing hydrogen 
bonding and amine to carboxyi cress - 1 inking with a 
divalent chelator such as EDTA , such chelators also 
providing protection against matrix contamination 
during storage. In order to provide maximum diffusion 
10 across the membrane m vivo, the matrix is designed to 
be in a free flowing, syringable or liquid phase at 
recipient body temperature while oemg m solid phase 
at the lowered storage temperatures, preferably 
slightly below patient temperature, i.e., 2 5 ° C ar.d at 
15 storage temperature. Inasmuch as the islets have 
reduced metabolism at lowered temperatures and the 
membrane coating process may take place at that 
temperature or thereabove, generally at ambient 
temperature, it is preferred to maintain the 
20 aforementioned matrix slightly below patient 
temperature for coating. 

The gelatin, for use with porcine islets, 
preferably a porcine based gelatin, is admixed with a 
liquid, preferably one of the conventional biological 
25 growth media, Based on the desired gel temperature, 
the gelatin is present at about 0.01 to 30mM 
concentration, generally 0.1 to 10mM concentration, and 
preferably in the range of about 0.5 to 5mM 
concentration, all providing a solid phase at storage 
30 temperature and a liquid phase at transplant 

temperature. The liquid, water or substantially 
inactive fluids and preferably at least m part a 
growth media is present generally in the range of 15 to 
96.5 weight percent of matrix, and preferably m the 
3 5 amount of about 45 to 84.5 weight percent of matrix. 
The buffer substrate is present in the gelatin and 
liquid matrix in an amount sufficient to provide 
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therr.ai 



crcte:::on a- the selected storage temperature. 



in 



the axoun: of 0.1 to 3 0 weight percent of matrix, 



generally in the range of about -.5 to 20 weignt 
percent of matrix, and preferably m tne range cf 2-10 
5 weight percent cf matrix. The divalent chelator may be 
cresent in the storage matrix :: provide tr.e desired 
structural integrity, generally m the range of about 0 
to 2 0 weignt percent of matrix, and preferably in the 
range of about 0.05 to 10 weight percent of matrix. 
10 The protein media may be present in the matrix to 

provide nutrition for the islets m an amount of 0.0 to 
30.0 weight percent cf matrix, generally in tne range 
of about 0.05 to 20 weignt percent of matrix and 
preferably m the range of 5 to 15 weight percent of 
15 matrix. The antibiotic are present to prevent 

infection or contamination m conventional biological 
packages m the amount of 0.0 to 3 0 weight percent of 
matrix, generally in the range of 0.05 to 10 weight 
percent of matrix, and preferably in the range cf 1 to 
20 6 weight percent of matrix. The native collagen may be 
present m the range of about C to 30 weignt percent of 
matrix, generally in the range cf about 0 . 1 to 5 weight 
percent cf matrix and preferably in the range of about 
1 tc 3 weight percent of matrix. The ammo acids are 
25 present in the amount of 0 to 3C0mM concentration. 

Example 5 

Depending on the requirements desired cf the 
matrix to force resistance, a wide range of 
concentrations of additives exist for either storage of 
30 tissue, culture tissue, or coating of tissue with the 
ccnformai polymer described acove. A suitable matrix 
may be prepared in accordance the foregoing using the 
following matrix base for storage, manufacture and 
imDiantation 
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Jl tO 



^ in; 



ucrc mo.ar -'ext. ran, 



5 C C , 0 0 0MW , Sigma Chenica. Co. 

Louis MC, Cat No. L5251 



St 



.001 to 1 0 OmM gelatin from porcine 
derived collagen, approximate bloom 
5-300, Sigma Chemical Co., St. 
Louis MO 



10 



protein additive 0 to 30% newborn calf serun , Life 

Technologies, Gaithersburg MD , Cat 
No. 16010-43 



ant lDiot ics 



.1 to 30% penicillin- streptomycin 
solution, Irvine Scientific, Santa 
Ana CA Cat. No. 536 6 



15 



.001 to 30% fungizone, Irvine 
Scientific, Santa Ana CA, Cat. 
No. 9352 



.001 to 30% Collistm .001 to 30% 
Ceftazidime 



20 



collaaen 



amino acids 



.01 micromolar to 3 OmM Type II, 
acid soluble from calf s k i n , Sigma 
Chemical Co., St. Louis MO, Cat. No, 
3511 

.01 micromolar to 3 0 OmM dl - 
cysteine hydrochloride , 
SigmaChemicai Co., St. Louis MO, 
Cat . No . 9 76 8 



30 



.01 micromolar to 3 0 OmM L- 
giutamine, Sigma Chemical Co., 
Louis MO, Cat. No. G-7029 

.01 micromolar to 3 0 OmM dl - 
arcimne hydrochloride, Siama 
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Chemical Co . , St. Louis MO, la:. 
No. A- 4 8 81 

.01 micromolar to 3 00mM 1 - cysteine 
hvdrc chi or i de , Sigma Chemical Co. , 
St. Louis MO , Cat. No. C-482C 

.01 to lOmM 1 -glutamic acid 
hydrochloride, Sigma Chemical Co., 
St. Louis MO, Cat No. G-C128 



divalent chelator 



001 to ICOntM EDTA 



10 



arowtn meaia 



Appropriate volumes to bring ot he: 
constituents to desired 
concentrations, Media 199, Sigma 
Chemical Co., St. Louis MO , Cat. 
No. 12340-022 



15 



20 



30 



In the present invention, these conditions of 
a stable, firm collagen infrastructure are recreated by 
placing the islets in a matrix comprising boiled 
denatured collagen, preferably in the presence of the 
aforementioned buffer substrate and also m the 
presence of a divalent or calcium chelator such as 
EDTA, EGTA , citrate or the like. This matrix allows 
the islets to again attach to a collagenous medium 
wherein the properties of the matrix may be controlled 
to provide a liquid phase at body temperature. 
Furthermore, the matrix resistance to force can be 
controlled through tne divalent chelator to provide a 
solid phase at the coating temperature experienced m 
the coating cycle for applying the membrane . The solid 
coating phase, enhanced by tne thermal protection of 
the cyropreservant provides protection from barotrauma 
that would otherwise oe experienced at tne coating 
vacuum. Moreover, this matrix enhances islet viability 
m vitro, allowing testing of the islet tissue prior to 
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applying t he membrane , and thereafter pricr t c any 
implantation. Prior :o the above matrix, the generallv 
reported and accepted survival cf islets oy those 
skilled m art was in the range c: 7-14 days. As 
5 discussed in greater detail below, islets m the 
present matrix have survived in vitro witnout 
diminished functionality for periods m excess of 174 
days . 

The collagen containing media may be 

10 denatured collagen or essentially intact collagen. A 

suitable denatured collagen is a conventionally derived 
boiled gelatin from animal, avian, fish and numan 
sources. For instance, food grade gelatin may be used 
as well as medical grade boiled ccllager.s, ail 

15 processed so as to an unfolded fibrous structure 

wherein the native collagen three dimensional structure 
is unfolded and the resultant collagen yielding 
polypeptides in loose association. The gelatin may be 
supplemented with essentially intact animal collagen to 

2 0 provide native collagenous binding structures . The 

collagen is present in sufficient amount to provide the 
desired structural rigidity m a three dimensional 
matrix and for providing attachment sites for t no 
islets therewithin. The buffer sucstrate for 

25 protecting the islets at lowered temperature, i.e. 

preferably dextran at 500,000 mw , preferably sulfated 
which will contribute to increasing hydrogen bond 
formation because of the sulfate side groups. Others 
include amylopectin. The growth media may be a tissue 

30 culture media such as Medium 199, RPMI and the like. 

The protein medium may be any sera derived from human 
or animal sources, preferred sera by way of example 
being newborn calf serum or fetal pig sera. 

In a series of experiments which measured the 

25 same matrix ingredients with the exception of one 
having less than 1% Dextran, while the other nad 
greater than 7% dextran, the ability of the embedded 
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islets cc secrete insulin ;r. response to a ICO mg/di 
glucose challenge doubled m the matrix with greater 
dextran, while the islets m matrix with little to no 
dextran had their insulin secretory anilities halved 
E over the same t me period. 

Example 6 

Islets were isolated f r on the splenic lobe of 
fresh porcine pancreases using conventional coilagenase 
diaestion and Fiocii separation. The islets were then 

10 incubated in Media 199 at 37°C for 5 days. The islets 
were transferred to a hydrcgel matrix comprising a 
collagen containing medium, a buffer substrate, a 
growth media, a protein media, and a divalent chelator. 
The matrix also contained various conventional 

15 additives such as antibiotics and bacteriostatics. The 
matrix is solid at around room temperature while 
presenting a liquid phase at patient temperature, 
around 3 7 °C . 



20 



30 



Example 7 

A suitable matrix may be prepared in 
accordance with the foregoing using the following as a 
matrix base for storage, manufacture ana implantation: 

cyropreservant 6.0 grams Dextran, 500,00 mwt . , 

Sigma Chemical Co., St. Louis, MO, 
Cat. No. C-5251 



gelatin 



14.5 grams Knox unf lavored gelatin 
Knox Gelatin Inc., Engiewood 
Cliffs, NJ 



growth media 60 mi. Medium 199, Sigma Chemical 

Co., St. Louis, MO, Cat No. 12340- 
022 
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protein media 0 - 1 E % Newborn calf serum, Life 

Technoicgies, Gai thersburg , MD , 
Cat. No. 16010-043 

I - 5 % Penni cillm - Strepromycir. 
Solution, Irvine Scientific, Santa 
Ana, CA, Cat. No. 93 6 6 

1-3% Fungizone, Irvine Scientific, 
Santa Ana, CA , Cat. No. ?3 52 

50-100 Tig Type II, acid soluble 
from calf skin, Sigma Chemical Co., 
St. Louis MO, Cat. No. C-3E11 



ant ibiot ics 

5 



collagen 

10 



To formulate the matrix base, the growth 
media is placed in a beaker and with a stirring bar is 
spun rapidly while heating on a stir/heat plate until 

15 well mixed. The buffer substrate is slowly added to 
the growth media while maintaining stirring. The 
combined solution is sonicated for 1-2 minutes after 
which the gelatin is slowly added to the solution while 
stirring and heating. Thereafter, the solution is 

20 microwaved for five 10 second intervals and then 

sonicated for 1-2 minutes. Then, 2-10 mM of EDTA is 
added to the warm solution, thoroughly mixed and placed 
in a 60-70 ° C heated/vacuum drying oven and evacuated. 
The heated, evacuated solution is equilibrated for at 

25 least five minutes and cooled to 37°C before adding 
islets . 

Example S 

Islets were aaded to the matrix of Example 6 
above at a rate of about 200 isiets/lOOul of matrix. A 
30 portion of the islet matrix was transferred to 3 6 mm 
polystyrene wells. The remainder of the islet matrix 
was transferred to an eighteen 6.5 mm. open ended 
cylinder device at the rate of 220 islets/10 ml of 
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matrix. The device was cooled tc solidiry the matrix 
and conformaily coated with about 4, COO Angstroms of 
noiy-para -xylene N. 

The islets ir. the wells and the devices were 
5 stored m a refrigerator fcr periods cf up to twc weeks 
before being brought to 37°C for periods of one to 
three hours during which time static incubations were 
performed at varying glucose concentrations. 

The islets in the wells had the surrounding 
10 nutrient medium changed every thirty days. Incubation 
for 15 minutes in 22 . QmM glucose stimulated 3 uU 
insulin at 73 days post isolation. The device secreted 
1.61 uU, 6.67 uU, 15.5 u'J msulm in response to static 
incubations of 2.25, 5.5, and 11.2 *M glucose ror 180 
15 minutes at 36 days post isolation. Islet structure 
remained grossly intact in ail islets for "3 days 
without bacterial contamination. 

Figure 6-11 illustrate scanning electron 
micrographs (45-18,000 X) of 90 day old islets. As 
20 shown in Figure 6, clusters of islets represent ively 

indicated by numeral 20C, are attached to the collagen 
fibers 202 (45X) at various locations along the length 
thereof demonstrating the adherence of the islet tissue 
the matrix polymers, with maintenance of islet gross 
25 structures. Figure 7 is a furtner magnification cf 
Figure 6 illustrating the attachment of islets along 
the collagen fibers 13,000X1 with inset of Figure 7 as 
shown in Figure 8 being a cluster of islets not yet 
attached to the fibers. Figure 9 shows a 
30 representative cluster of islets attached to the fiber 
network (9,0OOX). Figure 10A snows the binding site 
204 of a single beta cell (19.000X) for attachment to 
the collagenous fibers. Figure 10B shows a single beta 
cell showing indications of cellular division m the 
25 matrix. Figure 11 shows a strand of collagen 206 that 
was not unfolded during boiling. Figures 12 and 12 are 
liaht microscopies cf 90 day old islets after removal 
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from the natrix by addition cf divalent :a::cns 4xn 
calcium chloride) and reveal grossly :n:ac: morphology. 

Currently accepted techniques for islet 
harvest. ma relv on highly purified intact whole islets 
3 fcr transplantation. The time and materials required 
to achieve this result are lengthy and costly, 
aenerally with low yields. Heretofore, when tne 
oancreas was cverdigested resulting m substantial 
islet fragmentation, the harvest was aborted inasmuch 
10 as it was conventionally not accepted tnat fragmented 
islets retained functionality. The acove described 
matrix permits the use of such fragmented islets with 
intact functionality m conventional storage media cr 
matrices . 

-j_5 The oresent invention also permits 

overdigested pancreata to be utilized in the 
aforementioned matrix. More particularly, a porcine 
pancreas was conventionally digested by the coliagenase 
method. Rather than terminating the digestion when 
20 free floating whole islets were observed, the digestion 
continued until substantial fragmentation was observed. 
Thereafter, the digestion was terminated, the fragments 
repeatedly washed and centrifuged until a pellet cf 
fragmented islets substantially free of acinar tissue 
25 was observed. The islets were mixed with tne matrix 

formulation cf Example 7 above at a rate of about 3,000 
islet equivalents/ml cf matrix. The islet matrix was 
then deposited in a 36 mm plate well and refrigerated. 
Daily, the islet matrix was heated to 37°C and observed 
30 under a microscope and video taped. At the initial 
days, each field of view revealed substantial free 
floating islet fragments. In passing days however, the 
fragments abated and clusters of apparent whole islets 
appeared. At day 14 post harvesting only clusters of 
35 islets, substantially free cf fragmentation were 

apparent, with insulin levels cf 150 uU/mi released m 
response to 10 0 mg . glucose stimulations. 
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The above na:r:x alsc provides oeneficiai 
results witn cryopreserved islets, frozen for eighteen 
months in liquid nitrogen, which nave heretofore 
demonstrated poor functionality upon reccnst itution . 
5 Islets wnich nad been cyropreserved were thawed and 

admixed m the aoove matrix at 1,000 islets per 100 ul 
of matrix and distributed and solidified m a device 
having eight open-ended cylinders. The device was then 
conformally coated with about 4,000 Angstroms of poly- 
10 para-xylene N. Maximal secretion from the device two 
days after coating was 2.2 uU/ml. Every 3-4 days 
thereafter, the maximal secretion approximately doubled 
to 4.4, 8.3, 19.0 and 33.0 uU/mi m response to 
exposure to normal blood glucose concentration of 100 
15 mg. Inasmuch as the average fasting serum insulin 

concentration m a non-diabetic subject ranges from 5- 
20 uU/ml, it is apparent the cryopreserved islets after 
thawing provided therapeutic functionality. 

The matrix when used exteriorly of the device 
20 in vivo also promotes vascularization and lipid 
formation adjacent the membrane at intramuscular 
transplantation sites which heretofore have net been 
highly regarded as providing sufficient oxygenation and 
vascular access to promote islet longevity. More 
25 specifically, about 32 filled and coated open-ended 

cylinders of Figure 5 were implanted intramuscularly in 
a 15 kg. adult beagle between latissimus dorsi muscles. 
Other sites include readily accessible areas such as 
subcutaneous fat, intraperitoneal locations, or 
30 locations near the portal circulation. The surgical 
site after insertion of the devices was filled with 
about 20 ml. of matrix. The cylinders in aggregate 
contained about 30,000 islets. The dog was 
pancreatectomized and monitored for Diood glucose 
35 levels and porcine C-peptide levels. Positive 

contributions of the device to glucose levels and C- 
peptide levels were noted, however at Day 17, severe 
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organ malfunction resulting r rorr. the pancreaiec::^/ was 
noted and the animal was sacrificed. Upon removal of 
the devices, pathological examination revealed 
substantial microvascular formation and lipid growth in 
5 the matrix overlying the memoranes, bet n of which are 
indicia of reauisites for islet maintenance and 
longevity . 

The matrix m combination with the membrane 
also releases insulin within recognized time frames m 
1C response to glucose challenge and ceases release after 
removal of challenge, indicative of rapid transmission 
of glucose signal to the islets to stimulate insulin 
release and diffusion of released insulin across the 
membrane when the signal is removed. Moreover, an 
IB inability of the device to turn off quickly after 
normalization of glucose levels could result in 
continued production of insulin after normalization and 
result in pot ent ionai iy threatening hypoglycemic 
conditions. The ability of the present device is 
20 clearly demonstrated by the following. Therein, 

matrix was embedded in an eighteen cylinder device 
which was conformally coated with about 4,000 Angstroms 
of poly-para-xyiylene N. The devices were tested on 
days 3, 8 and 12 thereafter. As shown m Figure 14 , in 
25 response to exposure to 100 mg/dl glucose, the devices 
exhibited increased insulin production within 15 
minutes of stimulus and reached a peaK of 300 uU/mi of 
insulin. The devices were removed and placed m a 50 
mg/dl glucose solution and as shown in Figure 15 
30 reached a peak of 130 uU/ml of insulin, substantially 
reduced in comparison with the foregoing. Further 
testing determined that insulin production returned to 
dormant levels within 10-20 minutes. Additionally, the 
devices were placed in a 4 00 mg/dl glucose exposure. 
3 5 Therein, the trends of stimulus and shut off were 

similar. Moreover there was no apparent diminution in 
islet secretion in response to glucose over the test 
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oericd demonstrating that the islets are able maintain 
and imorcve their functionality within the coated 
device . 

Example 9 

5 A suitable device for containing the cellular 

matrix is an eight well polyethylene strip available 
from CcStar Inc., Cambridge, MA providing a plurality 
of islet containing capsules. As shown in Figure 16, 
each capsule or well 240 of the strip 242 was injected 
10 with about 20 dl cf matrix 244. Each strip contained 
about 30 , 000 to 100,000 islets suDStant laily evenly 
distributed among the wells. The upper surface of the 
matrix is recessed beneath the top surface o: the 
strip. The strips and the upper surface of the matrix 
15 are conformally coated with poly-para-xyiyiene N to a 
thickness of about 4,000 Angstroms. The recessed 
matrix provides a membrane surface 246 which is thus 
protected against direct tissue contact in 
implantation. Further, any fluid forces generated by 
20 the recipient result in only compressive forces on the 
membrane and matrix tnereoy lessening the potential for 
membrane tearing or rupture. 

A first dog, Dog ASY , a 9 kg . purpose bred 
female Beagle had tne equivalent cf three strips 
25 containing about 30,000 islets inserted through an 

incision intramuscularly along the left dorsal thorax 
behind the shoulder. Thereafter, the incision is 
infiltrated with about 20 ml. of non-cellular matrix 
and the incision closed. Seven days later Dog ASY 
30 received a complete pancreatectomy. Blood Glucoses 
were determined daily using a CneTouch Meter 
manufactured by Lifescan, as well as by standard 
clinical automated chemistry machines. The daily 
fasting blood glucose readings are shown m Figure 17. 
35 In order to keep the blood glucose level below about 
150 mg/dl, Dog ASY received a combination of human 
Ultra-Lente insulin and regular insulin m the noted 
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total amount and substantially equally divided with 
respect thereto, the regular insulin being administered 
to control blood glucose levels and tne Ultra-Lente 
oemg administered to maintain glucose levels, ail m 
E accordance with conventional practice. The number of 
islets m the devices is well below the number 
estimated by ether researcners for giycemic control, 
about 5,000 islets per kg or about 120,000 islets for a 
dog of the subject's size. 
10 in view of the islets deficit, it is 

nonetheless important to determine that the device is 
functioning within the recipient . This may be 
accomplished by determining tne C-peptide levels 
throuah porcine - speci f ic radicimmune assay (RIA) . This 
15 assay measures, a "C" shaped peptide that is cleaved 
off the nroinsulin molecule by peptidases before it 
leaves the islet, resulting in tne bioactive insulin 
molecule. C-peptide is species specific. Highly 
specific RIA kits, available from L,inco , Inc. Of St. 
20 Louis MO, readily distinguish between canine C-peptide 
and porcine C-peptide, a detection of the latter of 
which is indicative of insulin production by the 
implanted devices. For Dog ASY blood samples were 
periodically collected and assayed for porcine C- 
25 peptide and the results are depicted in Figure 19. 

Therein, the devices were implanted on Day 1 and the 
pancreas removed on Day 8. During the period before 
the pancreas was removed, porcine C-peptide was 
detected in the blood samples indicating the device was 
30 producing porcine insulin. Throughout the trial, 

detectable levels were determined except for apparent 
quiescent periods . 

In vitro experiments were performed tc 
determine the effect of the described matrix on RNA 
35 content, a measure of cellular genetic coding for 
protein production, and insulin secretory ability. 
Fiqure is shows that 5,500 islets isolated 7 days; 
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earlier showed maximal insulin secretion, with a nadir 
cf measured total RNA . Likewise, on Day 21, total RNA 
reached maximal concentrations while there was only 
minimal insulin secretory function. During the 
5 measured times, islet viability remained constant. 

These data suggest an inverse cycling cf RNA production 
with insulin secretory anility over time, such that as 
mRNA increases, insulin secretion increases and vice- 
versa. These in vitro data are supported by IVGTT C- 
10 neptide measurement in the experimental annals as 

described forthwith. After such quiescent periods, C- 
peptide production resumed at levels substantially the 

same as or exceeding the levels during prior testing. 
During one such quiescent period, Day IE, a 
15 conventional intravenous glucose tolerance test ; IVGTT) 
was conducted on Dog ASY . The results shown in Figure 

20 demonstrate that the device was capable cf producing 

large amounts of porcine insulin in response to glucose 

challenge . 

20 A second dog, Dog ABJ, a 10 kg. purpose bred 

female 3eagle, had the equivalent cf four strips 
containing about 200,000 islets inserted tnrough an 
incision intramuscularly along the left dorsal thorax 
behind the shoulder. Thereafter, the incision was 
25 infiltrated with about 20 ml. of non-cellular matrix 
and the incision closed. Seven days later Dog ABJ 
received a complete pancreatectomy. Blood glucoses 
were determined daily. The blood glucose readings are 
shown in Figure 24. As with Dog ASY , in order to keep 
30 the blood glucose level below about 150 mg/dl 

substantially throughout the day, Dog HBJ received 
Ultra- Dent e insulin and regular insulin m the noted 
total amounts . 

C-peptide levels were also periodically 
determined and the results are shown in Figure 23 and 
Figures 21A and 21B. Therein, the devices were 
imclanted on Day 1 and the pancreas removed on Day 8. 
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Durma the period before :r.e pancreas was removed, 
oor cine C-oeptide was detected in the blood samples, 
with levels rising from 0.04 tc '!■ . 18ng/ ml m response 
to the standard C.5 g / k g IV glucose Dolus. Thrcugnout 
5 the trial, detectable levels were determined except for 
quiescent periods. After such quiescent periods, 2- 
oeptide production resumed at levels substantially the 
same as or exceeding the levels during prior testing. 

Figure 21B shows the IVGTT glucose, C-pept ide , and 
10 total insulin values for Dog A3J on 40 and 57 days post 

implantation (31 and 4B days after pancreas removal) . 

On Day 40, the maximal glucose level was 652 and on Day 

57 690 mg/dl one minute after the glucose bolus. 

However, by Day 57, the C-peptide had reached maximal 
15 first phase release level at one minute, with no 

significant diminution ;0.14 mg/mi) from initial 

values . 

A third beagle subiect, ABM , 21 days after 
implantation and 2 week:s post pancreas removal, had a 
20 maximal C-peptides concentration of 0.14 mg/mi. The 
prepancreatectomy IVGTT data are shown m Figure 22A. 
Bv 4 5 days, a repeat IVGTT demonstrated a maximal 
porcine C-peptide concentration of 0.28 mg/ml , and at 
59 days, of 0.48 mg/mi (Figure 22B). As well, ABM's 
25 maximal blood glucose fell from 1740 mg/dl to 790 mg/dl 
in response to the IVGTT glucose Dolus. 

As mentioned above, it is apparent that the 
islets thrive and replicate in the matrix formulation. 
In order to determine the nature of this improvement, 
30 an electron microscopy evaluation of the matrix and a 
mRNA determination were conducted. Referring again to 
Figures 6-11, it is apparent that clusters of islets 
are attached to and along the collagen strands at Day 
74 whereas initial observations revealed minimal such 
35 attachment. Improvement is observed m C-peptide 
production quantities over time both in vivo an in 
vitro in the previously mentioned matrix. This is 
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- --^r^na - c the ccilaaer. 

associated wi:r. ^ie_ ~-n<--n- 

- c - n - -. -» before such cells can 
ir.irascruccure as c_~^_i3 — 

be stirr.uj.atea to xa.<e —s^^-... --r- — - 

outer surface cf the islet is one =f two sites thought 

5 to be involved ir. the binding cr the islets to the 

collagen strands. 

To further determine if islet tissue was 
replicating, a standard tritiated thymidine 
incorporation experiment was performed on isolated 
10 porcine islets cultured m Media 199 compared to islets 
cultured in the aforementioned matrix containing 
sulfated dextran (5% w./vi Media 199, 5% newborn calf 
serum, calf sKin and porcine skm collagen, dl - 
cysteine, 1 -glutamic acid, dl - argir.me , and 1-argmine 
15 analogues (50-100 micro molar; including 

aminoguanidine, N-monomechyi L-argmine, N nitro-L- 
argmine which serve as nitric oxide inhibitors. 
Precursors (tritiated thymidine, 1 microCurie / mi ) were 
proliferated into DNA label over a three day incubation 
20 period and subsequently extracted from the tissue. The 
procedure is based cn the method of Levya and Keiley 
(Analytical Biochemistry 62:173-9, 1974). Cells were 
lysed by repeated freeze/thaw treatments in Tns 
buffer, and the total nucleic acids precipitated and 
25 hydrolyzed m perchloric acid. An aliquot of the 
preparation was used to determine thymidine 
incorporation as the radioactivity detected by 
scintillation counting. Another portion was used for 
quantification of total DNA present using dipnenylamme 
30 and acetaidehyde to generate color detectable 600 nm . 

These studies demonstrated enhanced thymidine 
incorporation m islets carried for 2 days m matrix 
compared to traditional surface culture at 4 or 37°C. 
In addition, comparisons cf islets maintained for up to 
35 3 0 days in these two conditions showed a dramatic 
difference m proliferative activity with matrix 
labeled embedded islets incorporating nearly 2 0- fold 
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che amount seen m ^ediux controls . Dupii^a:- 
cultures , when analyzed showed very close agreement m 
label mcorDoraticn amounts, for bcth matrix and medium 
cultures. Tritiated thymidine incorporation over time 
5 was examined and results from two experiments snowea a 
decline in this activity m the early culture period, 
suggesting a cyclical nature to this process m the 
oeriod before 3 0 days, as was seen previously for gene 
expression and insulin secretion m the islet cultures. 
10 DNA quantification results confirmed more than 300 

micrograms of DNA from 28,000 islets embedded m the 
above matrix, and that this content remained stable 
over 3 0 days. These data further verify tne ability of 
the matrix to enhance islet viability as wei. as isiet 
15 function as measured by insulin secretion. 

The addition of the aoove mentioned nitric 
oxide inhibitors and scavengers, i.e. L-argmme 
analogues and sulfated compounds such as dextran, 
heparin, cysteine, cystine and tne like, improve islet 
20 survival and secretory function. Some the 

aforementioned substrates serve dual purposes as 
mentioned earlier by providing increased structural 
integrity, but also serve to inhibit nitric oxide 
formation tnat results from relative states of islet 
25 hypoxia. Thus, islets embedded m the aforementioned 
matrix because of the nitric oxide inhibition do not 
exhibit central necrosis even after months of storage 
in relatively low oxygen states. Nitric oxide serves 
protective role in ischemia hyperperf usion injury oy 
30 binding transition or heavy metals, such as iron or 
zinc that serve as tactilites for the conversion of 
super oxide -C--' to the highly toxic and reactive 
hydroxyl radical (OH-; . Nitric oxide can bind to meta 
binding sites, thus inhibiting tne formation of tne 
35 more toxic hydroxy radical, and thus acts like an 
antioxidant like metal chelators or super oxide 
dismutase. Addition of EDTA to the matrix serves; to 
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inhibit the hydroxy! radical :r. lieu cf the bound 
nitnx oxide which can no longer serve :r.is function. 

If cold storage is not required, the 
aforementioned matrix can be formulated without the 
5 addition of boiled collagen, ano islets can oe 

maintained for weeks m a more conventional liquid 
environment at 37° C. The addition of a wide range cf 
sulfated compounds, and L-argmme analogues, enhances 
one viability of such maintained islets for weeks m 
10 sterile culture conditions. 

Further, the use cf these nitric oxide 
inhibitors and scavengers when added to an er.zymic 
solution for digesting organs and tissue such as 
pancreata to free islets, liver to prepare nepatocytes, 
15 skin to prepare adipocytes, spleens to prepare 

spienocytes results m improved yields thereof. For 
example, when added to the conventional collagenase 
digestion media at time cf islet isolation from 
pancreata, the nitric oxide inhibitors and scavengers 
20 enhance endothelial rigidity thereby preventing 

elongation of connective tissue, and clean enzymatic 
cleavage resulting in improved islet size and number. 
Suitable nitric oxide inhibitors and scavengers include 
the aforementioned including dextran, heparin, 
25 cysteine, and cystine, as well as L-argmme analogues 
including ammoguanidine , N-monoethyl L-argmme, N- 
nitro-L-argmine, or D-argimne. Acceptable enzymic 
solutions include collagenase, trypsin, Liberase 
(Boehringer-Manheim) and proteolytic enzymes. The 
30 effective amount varies depending on the tissue or 
organ being digested and the digestion solution 
components, however the amount used should be 
sufficient to attain an endothelial rigidity which will 
provide clean endothelial cleavage. Generally, for 
35 organs and tissue, and m particular porcine pancreata, 
the amount of nitric oxide inhibitor and scavenger is 
about 0.001 to 20 percent by weight. 
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In all sub] ec: dogs, Z - peptiae tended to wax 
and wane over time as per the a^ove cycle, out trended 
upward (Figures 25 - 3 G ; ever time. As found in vitro, 
-nose dogs snowed a spike of 2 -peptide on Day i. , -:hen a 
5 nadir on Day 21, indicative of the previously aescnoed 
cycling. Figure 31 shows a brisk C-peptide response in 
AXA, when the islets were allowed to be kept m culture 
condition 21 days prior to implantation. Of critical 
in vivo importance is the ability to the implanted 
1C devices to quickly respond with insulin ; 2-peptide; in 
response to a glucose challenge, as tested for during 
the intravenous glucose tolerance test. In Figure 31, 
the aged devices (12C f 00C islet equivalents ) 
demonstrated net only good maximal 2-peptide response, 
15 but normalization of blood glucose in a dog that had 

been pancreatectomized 50 days earlier. (The subject's 
earlier devices were removed to test the viability of 
aaed devices.) The Figure clearly demonstrates the 
biphasic C-peptide release (A and B) in response to 
20 spikes in glucose concentration. This is again shown 

in subject C324 (Figure 32) , where the implants were 80 
days old, with C-peptide peaKs resulting from glucose 
peak stimulus over 90 minutes. These data demonstrate 
normal insulin pulsatility m vivo which would be: of 
25 therapeutic benefit to patients with Type II diabetes. 

While the aforementioned encapsulation for 
purposes of describing the preferred embodiments has 
been described with reference to the xenographic 
transplantation of porcine islets, those skilled in the 
30 art of cellular transplantation will appreciate that 
the present invention may oe effectively utilized in 
other applications for hormone producing or tissue 
producing implantation into deficient individuals with 
endocrine conditions such as thyroid deficiency, growth 
35 hormone deficiency, congenital adrenal hyperplasia , 
Parkinson's Disease and the like, and likewise for 
theraoeutic conditions benefitting from implantable 
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delivery systems for ciciogicaily active and gene 
therapy products for the treatment of centra, nervous 
system diseases and other chronic disorders. More 
specifically devices and matrices as described will 
5 find application m the various transplantation 

therapies, including without limitation cells secreting 
human nerve growth factors for preventing the loss of 
degenerating chioi mgergic neurons, satellite ceils for 
myocardial regeneration, striatal brain tissue for 

ID Huntington's disease, liver ceils, bone marrow ceils, 
dopamine-rich brain tissue and cells for Parkinson's 
disease, cholinergic - rich nervous system fcr 
Alzheimer's disease, adrenal chromaffin cells for 
delivering analgesics to the central nervous system, 

15 cultured epithelium for skin grafts, and cells 

releasing ciliary neurotropic factor for amyotrophic 
lateral sclerosis. Thus, various modifications cf the 
above described embodiments will be apparent to those 
skilled in the art. Accordingly, the scope cf the 

20 invention is defined only by the accompanying clair 



urns 



WO 9''/20569 PCT/US96/18209 



Whan is claimed: 

1. A hycrcge 1 natrix suitable for long term 
storage c: cellular tissue comprising from about 15 tc 
96.5 oercent by weight cf an aqueous nutrient solution 
containing 
5 0.001 to lOOmM collagen 

0.01 to 1000 micromolar cryoproteot ant 

0.001 to 100 mM divalent chelator 

0.01 micromolar tc 300mM nitric 

oxide inhibitor 

10 2. The matrix of Claim 1 wherein the 

collagen is a denatured collagen. 

3. The matrix of Claim 1 wherein the 
collagen is a combination cf denatured collagen and 
native collagen. 

15 4. The matrix cf Claim 1 wherein the 

cryoprotectant is a long chain carbohydrate based 
sugar . 

5. The matrix of Claim 1 wherein the 
cryoprotectant is selected from tne group consisting cf 

20 dextran, sulfated dextran, anylcpectin and 
proteoglycan . 

6. The matrix of Claim 1 wherein the nitric 
oxide inhibitor is an ammo acid. 

7. The matrix cf Claim 1 wherein the nitric 
25 oxide inhibitor is selected from the group consisting 

of dextran, heparin, cysteine and cystine. 

8. The matrix of Claim 1 wnerem the nitric 
oxide inhibitor is an 1-arginme analog. 
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9. The mat r:x cf Claim 5 wherem said L- 
aramine analog is selected from the group consisting 
of ammcguanidine , :;-mcnoet hyi L-argmine, N-nitro-L- 
argmme , and D-argmme. 

10. The matrix of Claim 1 wnereir. the 
divalent chelator is selected from the group consisting 
of citrate, EDTA and EGTA. 

11. The matrix of Claim, 1 wherein the 
nutrient solution includes a water soluble protein. 

12. The matrix cf Claim 1 additionally 
comprising an antibiotic. 

13 . The hydrcgel matrix of Claim 1 
characterized in that said matrix is a solid at 4°C and 
a liquid at 37°C. 



15 14 . A bioartif icial implantable device 

comprising a cellular moiety in the hydrogel matri 
Claim 1 encapsulated by a semi -permeable membrane 
having a molecular weight porosity from about 5000 
40 , COO . 



15. A bioartif icial implantable device 
comprising a cellular moiety in a hydrogel matrix 
encapsulated by a semi -permeable membrane, said matrix 
comprising gelatin m an amount of about C . 01 to 3 OmM , 
a liquid m the amount of about 15 to 96.5 percent by 
weight, and a nitric oxide inhibitor in an amount cf 
about 0.01 micromolar to 300mM. 

16 . A bioartif icial implantable device of 
Claim 15 wherein said cellular moiety produces a 
therapeutically desirable entity, and said membrane 
comprises poly- para - xyiyiene having a molecular weight 
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porcsitv between the molecular weignt c: saia er.;:icy 
and about 40, 000 . 

1". The device as recited m Claim 15 
wherein said matrix includes a divalent cnelatcr 
5 oresen: in the concentration of about 0.001 to lOOmM. 

15. The device as recited m Claim 15 
wherein said matrix includes an antibiotic m an amount 
of about 0.01 micromolar to 300 mM . 

19. In the digestion of tissue using a.n 
10 enzymic solution for releasing a desirable cellular 

moietv from tne tissue, the improvement comprising: 
adding to said enzymic solution from about 0.001 
micromolar to 3 0 OmM of a nitric oxide inhibitor. 

20. The invention as recited in Claim 19 
15 wherein said nitric cxide inhibitor is a sulfatec 

moiety selected from the group consisting cf dextran, 
heparin, cysteine or cystine. 

21. The invention as recited m Claim 13 
wherein said nitric cxide mnibitor is an L-argmme 

2 0 analogue . 

22. The invention as recited in Claim 21 
wherein said L-arginine analogue is selected from the 
group comprising ammoguanidine , N-monomethyi L- 
arginine , N-nitro-L-arginine, or D-argimne. 



ZD 



23. The invention as recited ir. Claim 
wherein said enzymic solution is a protease. 
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rhe inven::::. as recitea - — 



wherein said protease is selected from the group 
comprising ccliagenase. tn-psir., Liberase . and 
croceolvtic enzvtnes . 



A method for harvesting islets from 

oancreat 



ita comprising the steps cf : digesting tne 



pancreata with a enzymic solution until a substantial 
amount cf islet fragments are present with whole islets 
m said solution; purifying said solution to obtain a 
1C pellet of said islets and said islet fragments,- placing 
said pellet m a matrix comprising gelatin m a 
concentration of about 0.01 to 2Cm.K and a 

crycprotectant in a concentration cf about C.2-1 to 1000 
micromolar; and storing said matrix at a _iquid 
15 cemperature until said islet fragments are 
substantially undiscernible . 

26. A method of Claim 25 wherein said 
enzymic solution is a protease. 

27. A method of Claim 26 wherein said 
20 protease is selected from the group comprising 

ccllagenase, trypsin, Liberase , and proteolytic 
enzymes . 

28. A method cf Claim 25 wherein Che 
cryoproT: ectant: is selected from the group consisting oi 

25 dextran, sulfated dextran, anyiopectm and 
proteoglycan . 
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